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Chapter 5 
Control of Dynamic Helicity at the 
Macro- and Supramolecular Level 
 
 
 
 
 
This chapter provides a literature overview on the main topic of the final 
experimental chapters: the control of dynamic helicity at the macro- and 
supramolecular level. The strong interactions between the individual molecular 
components in these controlled helical assemblies, ranging from columnar 
aggregates to helical polymers and cholesteric liquid crystals, results in the 
chirality transfer and amplification from the molecular level to the level of these 
macro- and supramolecular helical architectures. Therefore these systems are 
potentially useful for various applications, including responsive materials and 
chirality sensors and amplifiers.*  
 
 
 
 
 
 
 
 
 
∗ This chapter will be published as a review article: D. Pijper, B. L. Feringa, Soft 
Matter, in press, DOI: 10.1039/b801886c. 
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5.1   Introduction 
Helicity constitutes a major chiral motif found in nature. It is manifested at the 
macro- and supramolecular level in numerous structures of biomolecules, of which 
the α-helix, a common motif in the secondary structure of proteins, and the double 
helix formed by two strands of DNA are the most prominent examples.1 These 
helical biopolymers in turn can associate to form discrete helical superstructures, 
for instance coiled-coils in proteins or supercoils in DNA plasmids, via hierarchical 
self-assembly processes by which architectures of increasing complexity are built 
up in distinct steps. Furthermore, the helicity of these biological superstructures 
seems to be crucial in exercising their functions, which include for instance 
recognition, replication and selective catalytic activity.2 
Inspired by the fascinating helical structures found in nature, synthetic chemists 
have constructed a multitude of artificial helical architectures from small molecular 
components.3 In this field, the transmission of chirality from the molecular level of 
monomeric units to the macro- or supramolecular level4 in the form of helical 
structures is a general theme, as it allows control of helical organization by 
molecular design. Moreover, owing to the strong cooperativity between the 
monomeric units in the helical assemblies, a small chiral imbalance on the 
molecular level is often strongly amplified in the helical structures. Using this 
feature, the external control of macro- and supramolecular helicity is readily 
achieved, for instance via the introduction of functionalized receptor moieties that 
selectively bind certain chiral guest molecules, leading to a biased helical 
handedness. Understanding the mechanism of transmission of chirality from 
individual molecules through different hierarchical levels in artificial systems is of 
great significance in understanding chiral amplification in biopolymers, whereas 
control of chirality transfer in dynamic systems offers ample opportunities towards 
future smart materials.  
In this chapter, an overview of macro- and supramolecular helical systems is 
presented in which emphasis will lie on the dynamics of the system, the 
amplification of chiral information and external control of helicity. First, helical 
aggregates of small molecules formed by noncovalent interactions, such as 
hydrogen-bonding and π-π stacking, will be described. Secondly, chains of 
covalently attached molecules that adopt a helical secondary structure, both short 
oligomeric systems called foldamers and long polymers, are discussed. The final 
part of this chapter addresses the supramolecular helical organization in liquid 
crystals, a material which is particularly responsive to small chiral perturbations at 
the molecular level.  
  
 
  167 
 
 
 
 
Chapter5.doc 
Control of Dynamic Helicity at the Macro- and Supramolecular Level 
 
5.2   Helical Aggregates 
By self-assembly of small molecules through noncovalent interactions, such as π-π 
stacking, hydrogen bonding, ion-dipolar and hydrophobic interactions, a 
multitude of structurally well-defined helical aggregates have been constructed 
and studied. Chiral amphiphilic lipids5 and organogelators6 are well-known to self-
assemble into ribbon-like supramolecular structures. An impressive recent 
example of a synthetic amphiphilic system is the bilayer of amphiphilic hexa-peri-
hexabenzocoronene (HBC) 1, which was shown by TEM to roll-up into a helical 
coil and self-assemble further into nanotubes in a THF-water solvent mixture 
(Figure 5.1).7 In the case of 1, bearing achiral n-dodecyl chains, the coils are 
obtained as a racemic mixture in which right- and left-handed helices are present 
in equal amounts. HBCs bearing chiral side groups, however, were demonstrated 
to produce aggregates with an excess of one particular helical handedness, leading 
to an induced CD signal of high intensity corresponding to the helical aggregate.8  
 
 
Figure 5.1 a) Amphiphilic hexa-peri-hexabenzocoronene 1 and b) a schematic illustration of 
the formation of a helical nanotube by 1. Reproduced with permission from reference [8]. 
Copyright 2005 National Academy of Sciences, U.S.A. 
a) 
b) 
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Studies on the aggregation behavior of chiral amphiphiles and organogelators into 
helical structures are, however, numerous5,6 and beyond the scope of this 
overview. This section therefore will focus on columnar helical aggregates formed 
by rationally designed small molecules. 
5.2.1   Columnar Stacks 
The stacking of helicenes, having an intrinsic, rigid, helical shape, results in the 
generation of helical columnar aggregates. Amphiphilic non-racemic helicene 2 
was shown to form long and thick fibers composed of columnar stacks of the 
helicenes with one particular helical handedness in apolar solvents (Figure 5.2a).9 
Interestingly, with a racemic mixture of 2 no such aggregation was observed. The 
authors indicate that segregated stacks of left- and right-handed helices are 
formed, which are not able to organize themselves into larger fibers as the helicity 
of neighboring columns does not match. Also the presence of the electron 
withdrawing ketone moieties proved essential for formation of the stacks, 
suggesting that donor-acceptor interactions between adjacent molecules stabilize 
the stacks.10  
 
 
Figure 5.2 a) Amphiphilic helicene 2, b) electron-rich triphenylene 3 that alternates with 
electron accepting dinitrobenzoic ester 4 in a charge-transfer π-π stacked complex, which is 
helical by virtue of the bulky optically active menthyl group in 4, and c) 
hexaazatriphenylene derivative 5. 
Certain aliphatically derivatized planar triphenylenes also stack to form columnar 
aggregates. Electron-rich triphenylene 3, alternating with electron accepting 
aromatic compounds, aggregates into π-π stacked complexes. The use of optically 
b) a) 
c) 
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active menthol ester 4 as the electron acceptor was demonstrated to result in a 
preferential helical twist in the columns (Figure 5.2b), monitored by an induced CD 
signal.11 Hexaazatriphenylene 5 (Figure 5.2c) gelates in a variety of solvents. When 
dissolved in (R)- or (S)-1-phenylethanol, strong induced mirror-image CD signals 
were observed, caused by the formation of ordered helical aggregates with a 
biased twist sense.12  
Large, flat, disk-like molecules based on phthalocyanine have been shown to self-
assemble in chloroform into long columnar aggregates, driven by π-π stacking 
interactions.13 These aggregates, of which the length can reach the micrometer 
regime, possess a helical structure when the disk-shaped molecules are decorated 
with optically active tails. Phthalocyanine 6, bearing four crown-ethers, was shown 
to aggregate in columns upon slow cooling of a warm and concentrated solution in 
chloroform.  
    
Figure 5.3 a) Crown-ether phthalocyanine 6 and b) a schematic representation of the 
hierarchical self-assembly of 6 into right-handed helical arrays, which organize themselves 
further into a left-handed supercoiled structure. Adapted with permission from [J. A. A. W. 
Elemans, A. E. Rowan and R. J. M. Nolte, J. Mater. Chem. 2003, 13, 2661-2670]. Copyright 
2003 Royal Society of Chemistry. 
In these aggregates, the molecules have a clockwise, staggered orientation, leading 
to an overall right-handed helical structure (Figure 5.3).14 These helical aggregates, 
in turn, self-assemble to form a left-handed coiled-coil superhelix. The overall 
helicity is controlled by the stereogenic centers in the appended alkyl chains, 
remote from the phthalocyanine core of the molecule. Addition of potassium ions, 
which bind to the crown ether rings in 6, changes the interactions of the molecules 
in the aggregates, leading to the transformation of the helices into straight fibers. 
The sensitivity of the aggregation process makes these molecules particularly 
interesting, for instance in the context of sensing of metal ions. 
a) b) 
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In an extention of this work, the four crown ethers on the phthalocyanine were 
equipped with thiofulvalenes in order to increase the conductivity of the 
aggregates and transform the columns in efficient molecular wires. Electron 
microscopy revealed however that, instead of forming columnar fibers, the 
molecules aggregate in bilayer structures, which eventually roll up into helical 
tapes, due to the dominating interactions between the thiofulvalenes and the 
phthalocyanine core.15 
Related to this work, a phthalocyanine was investigated which lacks the crown-
ethers but features four chiral helicenes moieties fused to the molecule. The 
molecules were shown to be soluble in chloroform, but aggregated upon the 
addition of ethanol due to π-π stacking interactions.16 
Similar to these phthalocyanines, porphyrin dyes can self-organize into columnar 
stacks. In order to further enhance the stacking interactions, trimer 7, in which the 
three porphyrin moieties are linked via amide bonds to a central benzene core, was 
synthesized and studied (Figure 5.4).17 This motif is known to form extended 
hydrogen-bonded networks,18 and will be encountered also with several systems 
described in Section 5.2.2. Each porphyrin unit is decorated with three aliphatic 
hydrocarbon chains to increase the solubility of the stacks in organic solvents. 
Upon cooling of a heated chloroform solution of 7 a gel was formed. Addition of a 
drop of DMSO transformed the gel in a clear solution, by braking up the 
hydrogen-bonding network. When a small drop (3 μL) of a dilute solution of 6  in 
chloroform was cast on a surface, the slow evaporation of the solvent resulted in 
the formation of large domains (up to 3 mm2) containing a highly ordered pattern 
of equidistant, nearly parallel, wire-like architectures, observed with AFM (Figure 
5.4c). Apparently, the combination of self-assembly of disk-like porphyrin dyes 
with physical dewetting phenomena produces this pattern of lines that have the 
thickness of one molecule and a length of up to 1 mm, spaced 0.5 to 1 micrometers 
apart. The suggested reason for the formation of the lines, running parallel to the 
receding drop edges (Figure 5.4d), is the discontinuous shrinkage of the droplet 
while the solvent evaporates: the drop edge retreats in indiscrete jumps.19 After 
each “jump”, a thin layer of solution is left on the surface which undergoes rapid 
dewetting. Interestingly, slowing down the evaporation process by making use of 
larger droplets (10 μL) dramatically changed the self-assembly process on the 
surface. In this case, a pattern of lines perpendicular to the receding drop-edge was 
formed. Here, the lines did not have a thickness of only one molecule, but rather a 
bundle of stacks. Furthermore, the line patterns formed by the porphyrin stacks on 
a surface were shown to be able to align the supramolecular organization in a film 
of a liquid crystalline material deposited on top of it. 
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Figure 5.4 a) Porphyrin trimer 7, b) a schematic representation of the helical columnar stack 
formed by 7, c) AFM image (scan size = 10 × 10 μm2) of a pattern of highly ordered 
equidistant parallel lines, formed on mica after evaporation of a droplet of 7 in chloroform. 
Reproduced with permission from reference [17]. Copyright 2006 AAAS. d) A schematic 
representation of the formation of the patterned lines. Reproduced with permission from 
reference [19]. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA. 
The G-quartet is a well-known structural motif found in biological systems, in 
which a tetrameric cyclic arrangement of guanosine derivatives is formed through 
hydrogen bonding (Figure 5.5a).20 Initially it was found that G-quartets of 
oligomeric deoxyguanosines stack to form helical columnar structures in water.21 
Potassium ions stabilize the aggregates via their coordination to the inner carbonyl 
groups of the G-quartets. Therefore, the length of the columnar aggregates can be 
increased by the addition of potassium ions. Amphiphilic deoxyguanosine 
derivative 8 (Figure 5.5b) was shown to form an octameric complex with a 
potassium ion in apolar solvents, in which the potassium ion is sandwiched 
between the two G-quartets.22 At increased potassium concentrations, long helical 
b) a) 
c) 
d) 
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columns are formed through ion-dipolar interactions (Figure 5c). The ability of the 
aggregates to discriminate between enantiomers of potassium salts of α-amino 
acids was exploited by extracting one of the enantiomers from the aqueous 
solution into an organic phase containing the helical columns.23 Similar systems 
were created using folic acid derivatives.24 Several of these π-stacked aggregates 
were shown to be stable also in the absence of the central ion template.25 The 
mobility of the ions in these aggregates is currently also being studied intensively, 
as these columnar aggregates containing a central string of cations are reminiscent 
of an ion channel.26 In order to allow these structures to function as an ion channel, 
their stability has been increased via the decoration of the individual molecules 
with terminal olefin groups, which allowed cross-linking of the subunits via olefin 
metathesis after the self-assembly.27 Also the introduction of a siloxane group on 
each individual subunit allowed polymerization of the siloxane units of the helical 
aggregates formed after self-assembly. Furthermore, when this process was 
followed by a calcinations process, a helical silica material was formed.28 SEM 
studies revealed that silica fibers and bundles, both with a diameter of ~ 0.25 µm, 
and even helical structures with an outer diameter of ~ 5 µm and a helical pitch of 
~ 2.5 µm, referred to as microsprings, are present. 
          
Figure 5.5 a) The tetrameric cyclic arrangement in a G-quartet structural motif formed by 
guanosine units, b) lipophilic deoxyguanosine derivative 8, and c) a schematic 
representation of the helical columnar aggregate formed by the tetramers in the presence of 
potassium ions. Adapted with permission from reference [26]. Copyright 2006 American 
Chemical Society. 
5.2.2   Amplification of Chirality 
The amplification of chirality is a process in which a small chiral bias results in a 
significantly enhanced chiral effect, being either the ratio in which the enantiomers 
are present in the mixture or a signal that they cause. Examples of the latter case 
were already discussed in this chapter, in which the induced CD signal of a helical 
a) c) b) 
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aggregate has a much higher intensity than the CD signal of the dissolved 
molecules. In this section, several examples will be given in which a tiny 
enantiomeric imbalance dictates the handedness of helical aggregates.29 In these 
systems, a small number of chiral molecules forces a large majority of non-chiral 
molecules (or a racemic mixture of chiral molecules) into a helical aggregate of one 
particular handedness. 
 
 
Figure 5.6 a) Bifunctional 9a and 9b and monofunctional 10 and b) a schematic 
representation of the amplification of chirality by the addition of chiral monofunctional 10 to 
helically racemic aggregates of achiral 9a, resulting in a preferred handedness of the helical 
columns. Reproduced with permission from reference [34]. Copyright 2002 National 
Academy of Sciences, U.S.A. 
In compounds 9 (Figure 5.6), two bifunctional ureido-s-triazines are connected by a 
spacer. Self-complementary quadruple hydrogen bonding leads to the formation of 
strong dimers of these molecules in solvents of varying polarity (in chloroform, an 
association constant around 104 L/mol was measured30). These disk-shaped 
complexes exhibit a large planar aromatic core, which, driven by solvophobic 
effects, stack into helical columnar aggregates in apolar solvents such as 
dodecane.31 With 9a, bearing achiral side chains, a racemic mixture of left- and 
right-handed helical polymers is obtained, whereas with 9b the chiral side chains 
a) 
b) 
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induce a preferred handedness of the helical arrangement. The introduction of 
small amounts of chiral monofunctional compound 10, acting as a chain-stopper, 
to aggregates composed of achiral 9a resulted in a strong preference for one 
particular helical handedness of the columnar aggregates, demonstrating that the 
helical induction occurs cooperatively and needs only a small chiral bias. This 
process of chiral amplification, where a small number of chiral molecules dictates 
the helical handedness of an aggregate predominantly composed of achiral 
compounds, is called the “sergeants-and-soldiers” effect.32 Comparable 
aggregation phenomena in organic solvents were described with systems 
containing dimerizing ureidopyrimidinone units,33 and in water with similar 
compounds bearing oligo-ethylene-glycol chains.34 
C3-symmetrical disk-shaped compound 11 (Figure 5.7a) in apolar media was 
shown to stack into helical columns by a combination of hydrogen bonding and π-
π interactions. Also for these systems, the “sergeants-and-soldiers” effect was 
demonstrated by doping a small amount of chiral 12a or 12b to aggregates of 
achiral 11, leading to a strong preference for one particular handedness (Figure 
5.7b).35 Furthermore, when the induced CD signal of aggregates containing only 12 
was measured as a function of the ee of 12, a deviation from linearity was found: a 
low ee resulted in an disproportionate excess of one handedness of the helical 
aggregates.36 This effect is called the “majority rules” effect. More rigid helical 
architectures were obtained when the central amide moieties were replaced by 
urea groups.37 By the introduction of oligo(ethylene glycol) chains at its periphery, 
the disks also form helical stacks in polar, protic solvents and water.38 Chiral 
amplification via the sergeant-and-soldier effect in helical columnar aggregates has 
also been observed with trialkyl-1,3,5-benzenetricarboxamides.39 With a helical 
columnar aggregate derived from achiral “soldiers“ bearing a photopolymerisable 
sorbyl moiety and a small number of a chiral “sergeants”, the possibility to express 
the biased helical structure in a polymer consisting of achiral monomeric units was 
demonstrated. After polymerization of the sorbyl side chains with UV light and 
removal of the chiral “sergeant” molecules, a linear polymer is produced that is 
optically active in certain solvents in which the helical columnar aggregates 
reform. Apparently, the chiral information is stored in the polysorbate main chain, 
leading to a chiral memory effect.40 
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Figure 5.7 a) C3-symmetrical disk-shaped molecules 11 and b) a schematic representation of 
the “sergeants-and-soldiers” effect determining a preferred handedness of the helical stacks 
formed by achiral 11 by doping them with a small amount of chiral 12. Reprinted with 
permission from reference [3]. Copyright 2006 Springer-Verlag GmbH. 
Structurally related compound 13a (Figure 5.8) was recently found to form gels in a 
variety of solvents, due to its stacking into columnar helical aggregates.41 A very 
strong sergeant-and-soldiers effect was observed with this system: the presence of 
only 1 % of chiral 13b in a mixture with achiral 13a led to an induced CD signal 
with the same intensity as that of pure 13a. Also with this system, the induced 
biased helical handedness could be locked in a linear polymer, by ring-closing 
metathesis polymerization using an achiral derivative of 13a bearing terminal 
olefinic groups. The central triazine ring appeared to play a key role in the 
ordering of the helical aggregate, as its substitution for a benzene ring lead to a 
complete loss of induced CD signal for the chiral compound. The fact that the 
a) 
b) 
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central triazine unit adopts a planar conformation, in contrast to the benzene 
derivative, makes 13a very suitable for strong π-π stacking interactions. The non-
planar benzene derivative can only give stacks via hydrogen-bonding interactions, 
and hence a less ordered and apparently non-chiral aggregate is formed in this 
case. 
 
Figure 5.8 Triazine-based disc-shaped compounds 13. 
 
Figure 5.9 Chiral oligo(p-phenylene vinylene) 14 equipped with a ureido-s-triazine unit and 
a schematic representation of the hierarchical self-assembly process towards a helical 
columnar aggregate. Adapted with permission from reference [44b]. Copyright 2005 
American Chemical Society. 
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Compound 8 in which a ureido-s-triazine unit, capable of forming dimers through 
complementary quadruple hydrogen bonding,42 is attached to a chiral π-
conjugated oligo(p-phenylene vinylene) (Figure 5.9), has been used to form highly 
conductive columnar aggregates via a hierarchical self-assembly process. In apolar 
solvents, 8 forms dimers which stack into helical columns by π-π interactions, 
forming a left-handed helical aggregate as indicated by an induced CD signal.43 
Furthermore, the potential of these π-conjugated helical aggregates towards 
optoelectronic devices has been studied.44 In an extension of this work, a helical 
aggregate was formed by a triad composed of two structurally very similar 
molecules and one perylene bisimide.45 These rod-like aggregates were shown to 
further aggregate into supercoils, as shown by AFM.  
Intuitively, amplification of chirality via the sergeant-and-soldiers or majority-rules 
effect should also be possible with these aggregates. However, experiments in 
which chiral 14 was mixed with an achiral analogue did not lead to the expected 
chiral amplification. It was reasoned that this is caused by phase separation 
between the chiral and achiral moieties during the aggregation process.29 
Alternatively, amplification of chirality was demonstrated by mixing achiral 
oligo(p-phenylene vinylene) 15 with a chiral guest molecule, (R)-16, that can bind 
to the helical stacks through hydrogen-bonding interactions (Figure 5.10).46 
 
Figure 5.10 Proposed hydrogen-bonded structure of the complex between a dimer of achiral 
oligo(p-phenylene vinylene) 15 and two chiral citronellic acid guests (R)-16. 
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Figure 5.11 a) Compound 17, consisting of a guanine and cytosine based heterocycle prone 
to hydrogen bonding merged with a crown ether, and b) a schematic illustration of the 
supramolecular self-assembly of 17 into hexameric rosettes that stack to form nanotubes. 
Reprinted with permission from reference [47]. Copyright 2002 National Academy of 
Sciences, U.S.A. 
Compound 17 consists of a heteroaromatic and bicyclic moiety based on guanine 
and cytosine, containing two different hydrogen-bonding arrays, linked to a crown 
ether moiety (Figure 5.11a). In water, the system spontaneously self-assembles into 
a hexameric disk-shaped rosette complex through intermolecular hydrogen 
bonding (Figure 5.11b), which subsequently aggregate to form helical columnar 
structures (Figure 5.11c).47 Upon the addition of amino acids which bind to the 
crown ether moieties, e.g. L-alanine, a strong preference for one twist sense of the 
helical columns is obtained, apparent from an induced CD signal which 
corresponds to the helical columnar aggregate.48 The chemical structure of the 
chiral promotor, the amino acid, has a dramatic influence on the degree of chiral 
induction. The process appears to follow an all-or-nothing response, as only if the 
vast majority of the crown-ether moieties is occupied with an amino acid, the 
transition to a strongly preferred helical handedness of the aggregates takes place. 
In the case of the addition of alanine as the chiral promotor, the majority rules 
b) 
a) 
  
 
  179 
 
 
 
 
Chapter5.doc 
Control of Dynamic Helicity at the Macro- and Supramolecular Level 
 
effect was also observed with this system, allowing the detection of a tiny 
enantiomeric imbalance of the amino acids by the strong induced CD signal of the 
helical aggregate. This system is therefore useful as a probe for the sensing of α-
amino acids. 
In an extension of this work, the aggregation behavior of a compound similar to 17, 
lacking the crown ether moiety but containing multiple protonation sites, was 
studied at different pHs.49 At low pH, with all three sites protonated, relatively 
short tubes are formed due to electronic repulsion, but at higher pHs, the net 
charge of the molecule is reduced leading to end-to-end aggregation and to longer 
tubes. Eventually, when all basic sites are unprotonated, aggregation of multiple 
long nanotubes leads to the formation of superhelices. Recently, the handedness of 
the helical columnar aggregate formed in methanol was shown to be fully inverted 
by the addition of a tiny amount of water or by heating the sample with a 
compound structurally related to 17.50 Here, self-assembly in methanol apparently 
is fast, leading to the kinetically controlled helicity of the columnar aggregate, 
whereas in water aggregation is slower, leading to the thermodynamically more 
stable helical aggregate. 
5.2.3   Control of Supramolecular Helicity through External Stimuli 
Dithienylethene 18 (Figure 5.12), equipped with two chiral amide moieties, was 
shown by EM and CD spectroscopy to aggregate into helical fibers of one 
particular handedness in apolar solvents, driven by the formation of a hydrogen 
bonding network.51 These photochromic molecules can be switched with UV and 
visible light between ring-opened 18o and ring-closed 18c, respectively (Figure 
5.12). The photoswitching process strongly modulates the aggregation behavior of 
18, as the conformational flexibility of 18o is much higher than that of 18c. Taking 
advantage of this phenomenon, controlled mass transport by light and holographic 
patterning were achieved.52  
Moreover, the dithienylethene moiety in 18o exists in two helical conformations (P 
or M), which rapidly interconvert in solution, but are conformationally locked in 
the fibrous network. Therefore, whereas photochemical ring-closure in solution 
yields a 50:50 mixture of diastereoisomers of 18c, ring-closure in the gel state 
results in a near-perfect stereocontrol, yielding 18c in a 98:2 ratio of 
diastereoisomers. In this system, it is the chirality of the pendant groups that 
determines the helicity of the fibers, which in turn controls the stereochemical 
outcome of the photochemical ring-closing reaction. Furthermore, the helical fibers 
obtained after ring-closure of 18 were shown to be metastable, as after one heating-
cooling cycle, during which the molecules first get dissolved and subsequently 
aggregate again, fibers with inverted helicity are formed.  
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Coaggregation of a small amount of chiral 18o with a dithienylethene 
functionalized with amides bearing achiral groups resulted in amplification of 
chirality by the sergeant-and-soldiers principle.53 Stereoselective photochemical 
ring-closure of the achiral “soldiers” then locks the induced chiral information at 
the molecular level. 
 
Figure 5.12 Reversible transcription of supramolecular into molecular chirality with 
photochromic dithienylethene 18, which can be switched with UV and visible light between 
ring-opened 18o and ring-closed 18c. 
In a number of instances, simple stirring of a solution containing one-dimensional 
columnar stacks of achiral molecules led to the formation of helical assemblies with 
a particular handedness. In pioneering work by Ribo, achiral disc-shaped 
zwitterionic porphyrin 19 (Figure 5.13a) was shown to stack side-by-side to form J-
aggregates upon concentration of the solution. These small aggregates assemble 
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further in helical fibres, of which the handedness was demonstrated to be 
controllable by the direction of the vortex motion (Figure 5.13b), detected by a 
strong induced CD signal.54  As these helical assemblies are stable, the chiral 
structures remain present after stirring of the solution is stopped. 
 
 
Figure 5.13 a) Achiral zwitterionic disc-shaped porphyrin 19 and b) schematic 
representation of the assembly of 19 in J-aggregates due to electrostatic and hydrogen-
bonding interactions, and subsequent helical assembly of these small aggregates into fiber-
like structures, of which the handedness is controlled by the direction of the vortex motion. 
Adapted with permission from [B. L. Feringa, Science 2001, 292, 2021-2022]. 
In two recent investigations, stirring of a solution containing either achiral J-
aggregated zinc porphyrin dendrimer 20 (Figure 5.14a)55 or a supramolecular 
assembly of an achiral oligo(p-phenylene vinylene) analogous of 12 (Figure 5.10)56 
led to a supramolecular helical alignment, whose handedness was biased by the 
direction of the vortex flow. In these cases, the biased handedness of the 
supramolecular helical assemblies is transient: the induced CD signal disappears as 
soon as stirring is stopped and can be switched to its mirror image by reversing the 
stirring direction (Figure 5.14b). 
 
a) 
b) 
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Figure 5.14 a) Dendritic zinc porphyrin 20 forming hydrogen-bonded J-aggregates and b) 
schematic representation of the generation, by stirring of the solution, of a helical alignment 
of these nano-fibers with a handedness corresponding to the stirring direction, leading to an 
induced CD signal. Reproduced with permission from reference [55]. Copyright 2007 Wiley-
VCH Verlag GmbH & Co. KGaA. 
5.3   Helical Foldamers 
Whereas in the previous section helical architectures were described that self-
assemble due to noncovalent bonding interactions, in this and the following 
section oligomeric and polymeric systems that can adopt a helical secondary 
structure, in which the monomeric units are connected through covalent bonding, 
are discussed. Polymeric systems will be the topic of Section 5.4, this section 
focuses on shorter oligomers that fold into a conformationally ordered helical state 
in solution, called foldamers.57 The helical secondary structures they form are 
a) 
b) 
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stabilized by a collection of noncovalent interactions between nonadjacent 
monomer units. There are two major classes of foldamers: single stranded 
foldamers that only fold and multiple-stranded foldamers that both associate and 
fold. 
5.3.1   Single Stranded Helices 
Oligo(m-phenylene ethynylene) 21 (Figure 5.15a), consisting of monomeric units 
with amphiphilic character, dissolves well in solvents like chloroform, but folds 
into a helical conformation in polar solvents and water by solvophobic effects.58 
Without any chiral input, the left- and right-handed helical conformation are at 
equilibrium. The complexation of chiral apolar monoterpenes such as 22 in polar 
solvents within the hydrophobic cavity formed by the foldamers results in a 
strongly preferred handedness of the helical conformation (Figure 5.15b), 
demonstrated by an induced CD signal.59 Also the introduction of an optically 
active binaphthol in the oligomer’s backbone,60 or chiral side chains,61 induced a 
strong preference for one particular helical handedness of the foldamers. A 
nonlinear dependence of the induced CD signal on the number of chiral side 
chains revealed a high cooperativity between the monomeric units in the helical 
conformation of the backbone.62 This sergeants-and-soldiers effect was also found 
with mixtures of oligomers containing only achiral side chains and oligomers 
containing chiral side chains.63  
 
 
Figure 5.15 a) Oligo(m-phenylene ethynylene) 21 and monoterpene 22, and b) a schematic 
representation of the helical conformation 21 adopts and the preferred handedness biased 
by inclusion of chiral 22 in the hydrophobic cavity. 
Related to this, oligo(m-ethynylpyridine) 23, which exists in a disordered 
conformation in solvents like chloroform, was demonstrated to fold into a helical 
conformation upon complexation to saccharides through intermolecular hydrogen 
bonding (Figure 5.16).64 The chirality of the bound saccharides is transferred to the 
a) 
b) 
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helical twist sense of the foldamer. Interestingly, the induced CD signal is different 
for a range of glucosides. With a pyridinedicarboxamide oligomer that folds into a 
helical conformation by intramolecular hydrogen bonding, a preferred handedness 
could be biased by introduction of a chiral carboxylic acid that binds at the 
terminal aminopyridine unit through hydrogen-bonding interactions.65 
 
Figure 5.16 a) Oligo(m-ethynylpyridine) 23, and b) the complexation pattern by which 
sugars induce 23 to fold in a helical conformation of one particular handedness. 
 
 
Figure 5.17 a) Photoswitchable foldamer 24 and b) a schematic representation of the 
reversible helix-coil transition induced by the photochemical and thermal isomerization of 
the azobenzene unit in the backbone. Reproduced with permission from reference [66]. 
Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA. 
a) 
b) 
a) b) 
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After the introduction of a photochromic azobenzene moiety at the centre of the 
backbone of oligo(m-phenylene ethynylene) foldamer 24, the transition from a 
helical conformation to a random coil and vise versa was demonstrated to be 
photochemically controlled (Figure 5.17).66 The azobenzene core was optimized67 
so that it could be excited selectively, for this reason the methoxy substituents were 
introduced, and novel enantiomerically pure (S)-α-methyltetra(ethyleneglycol) 
side chains were introduced to bias the sense of the helical twist and thereby allow 
monitoring of the conformational transition by means of CD spectroscopy. The 
trans conformation of the azobenzene closely resembles the structure of a dimeric 
repeat unit of the oligomer, allowing it to fold into the helical conformation in 
aqueous acetonitrile. UV irradiation leads to the conversion into the cis isomer of 
the azobenzene unit, resulting in a rapid decrease of the CD signal, indicating 
unfolding of the helical conformation of the oligomer. During the thermal 
conversion of the azobenzene back to its more stable trans isomer, a recovery of the 
CD signal was monitored, indicating refolding of 24 into the helical conformation. 
5.3.2   Artificial Double Helices 
Intrigued by the fascinating templating capacities of DNA, chemists have tried to 
mimic its three-dimensional double-stranded helix by the design and synthesis of 
molecules that self-organize into this structural motif. Helicates, consisting of 
transition metals that coordinate ligand-containing strands, are the most 
encountered systems in this field.68 Recently, molecular strands from hydrazide-
based oligomers with malonyl groups as linkers were shown to form highly stable 
double helical duplex structure, via preorganization by intramolecular hydrogen 
bonding and subsequent highly cooperative intermolecular interactions by up to 
14 hydrogen bonds.69 Also, the pyridinedicarboxamide oligomer that was 
mentioned in the previous section to fold into a single stranded helical structure 
was shown to “spiral slide” into a double helical structure, which is stabilized by 
intermolecular aromatic stacking.68d  
Recently, a number of double helical systems have been published with a 
controlled, well-defined geometry, of which the helical twist sense can be 
controlled.70 Dimers of m-terphenyl ligands joined by diacetylene linkers (R)-25 
and 26, bearing chiral amidine groups and carboxylic acids, respectively, were 
found to spontaneously form duplexes due to the formation of salt-bridges, as 
shown by NMR and mass spectrometry (Figure 5.18).71 The stereogenic centers 
present at the amidine groups fully control the handedness of the double helical 
structure, as the helical complexes formed with ligand 26 showed a much stronger 
CD absorptions compared to the relatively weak Cotton effects exhibited by (R)-25 
alone. 
  
 
186 
 
 
 
 
  Chapter5.doc 
Chapter 5 
 
  
 
Figure 5.18 a) One-handed artificial double helix (R)-25·26 from m-terphenyl dimers (R)-25, 
containing chiral diamidine groups, and 26, equipped with carboxylic acids, and b) a 
schematic illustration of this double helical structure. Reproduced with permission from 
reference [70]. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA. 
Via the introduction of pyridine groups, employed as metal coordination sites, at 
the periphery of both m-terphenyl ligands, the oligomeric systems were 
transformed into a double-stranded helical polymer.72 Mixing of a preformed 
duplex with two equivalents of an appropriate Pt source lead to the formation of 
supramolecular coordination polymer (R)-27 (Figure 5.19). The one-handed 
double-stranded metallopolymer has a much higher hydrodynamic volume than 
the parent duplex, and shows distinct Cotton effects around the metal-to-ligand 
charge transfer band in the long wavelength region. Very recently, a 
photoresponsive version of this single-handed double helical supramolecule, 
composed of complementary strands bearing azobenzene moieties, was 
demonstrated to undergo a reversible trans-cis isomerization regulated by 
irradiation, resulting in a change in its molecular length (from ~ 2.6 to ~ 2.2 nm) 
due to a conformational change of the double helix.73 
a) 
b) 
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Figure 5.19 Double-stranded helical supramolecular coordination polymer (R)-27. 
Oligo-m-phenylene derivatives equipped with hydroxyl groups were also 
employed to form artificial double helices. First, ortho-linked hexa(p-tert-butyl-
phenol) was serendipitously found to crystallize as a double-stranded helicate 
bridged by spiroborates.74 Optical resolution of the racemic boron helicate was 
performed by diastereomeric salt formation. Oligoresorcinol 28 (Figure 5.20a), 
soluble in organic solvents, was found to aggregate into double helices in water.75 
The benzene rings are arranged in close proximity in the double helical structure to 
allow effective parallel π-stacking. The fact that the formation of the double helical 
structure in water is driven by interactions of the aromatic moieties was also 
shown with 5-mer 29. A single helical structure of 29 was found to crystallize from 
a polar organic solvent mixture (CHCl3/CH3CN), whereas crystals containing the 
double helical structure were obtained by crystallization from water. The 
introduction of optically active substituents in 30 at both ends of the strand did not 
result in any CD signal in methanol, in which the oligomer is present as a random 
coil. However, a significant Cotton effect was observed in water, indicating folding 
of 30 into a double helix with an excess of one particular handedness (Figure 
5.20b). Recently, controlled unwinding of the double helix of 28 by β-cyclodextrin 
(β-CD) was demonstrated.76 Also the resulting single strands of 28 threaded the β-
CD to form a twisted [3]-pseudorotaxane with a controlled helicity. The double 
helix could be regenerated by the addition of adamantane, which expels the 
oligomer out of the β-CD. 
 
Figure 5.20 a) Oligoresorcinols 28-30 and b) a schematic representation of double-helix 
formation of 30 with a biased screw sense. Reproduced with permission from reference [75]. 
Copyright 2006 American Chemical Society. 
a) b) 
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Figure 5.21 a) Bis-PYBOX functionalized porphyrine 31 and linear polymer with an 
ammonium cation repeating unit PTMI, and b) schematic illustration of the formation of the 
artificial double-helix (the amplification shows the interactions between the PYBOX and the 
ammonium unit on the polymer via a hydrogen bond pair). Adapted with permission from 
reference [77]. Copyright 2007 American Chemical Society. 
Recently, the formation of a double-stranded helix with one particular handedness, 
composed of a long achiral synthetic organic polymer that generally forms a 
random coil in solution, was demonstrated.77 The twisted polymeric 
supramolecular ladder (Figure 5.21), is constructed by complexation between 
poly(trimethylene iminium) (PTMI), a linear polymer with one secondary 
ammonium cation in the repeating unit, as the rails and dimer 31 of 2,6-bis(2-
oxazolyl)pyridine (PYBOX), bridged by a porphyrin ring, as the bars. The stability 
of the supramolecular ladder is ascribed to stacking of the bridging porphyrins and 
the complementary hydrogen bonds between two nitrogen atoms of the PYBOX 
a) 
b) 
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and two protons of the secondary dialkylammonium cation in the polymer. The 
introduction of chiral and bulky units into the BisPYBOX ligand leads to a twisting 
of the supramolecular ladder by steric repulsion, resulting in the formation of the 
double helix with one particular handedness. 
            
Figure 5.22 a) D2-symmetric saddle-shaped porphyrin 32 and b) schematic representations 
of the formation of the coordination polymer followed by treatment with chiral mandelic 
acid leading to a helical polymer with a preferred screw sense. Reproduced with permission 
from reference [79]. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA. 
D2-symmetric saddle shaped porphyrin 32 (Figure 5.22a), bearing four pyridyl 
groups, forms a supramolecular coordination polymer upon addition of an 
appropriate Pt source. The addition of chiral mandelic acid, whose interaction with 
the porphyrins freezes it in one of the two enantiomeric forms,78 leads to a helical 
polymer with a biased twist sense (Figure 5.22b). Also here, a low ee of the 
mandelic acid resulted in an disproportionate excess of one particular handedness 
of the polymer, due to the majority-rules effect.79 
5.4   Helical Polymers 
Several synthetic polymers have been developed that exhibit a strong optical 
activity due to the helical conformation, with an excess of one particular 
handedness, that is adopted by their backbone.80 For a number of these polymers, 
e.g. polyisocyanides or polymethacrylates bearing bulky side-groups, this helical 
conformation is completely locked due to strong steric interactions experienced by 
a) b) 
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the side-groups of the neighbouring monomeric units.81 Optical resolution of these 
helical polymers with either a P or M helical conformation can be performed by 
chiral HPLC,82 and due to their chiral recognition ability several derivatized 
versions of these polymers have shown to be highly useful as the chiral stationary 
phase in chiral HPLC columns.83 This section, however, will focus on 
macromolecules in which the helical conformation is dynamic, and rapidly inverts 
at ambient temperatures: the low helix inversion barriers of these polymers result 
in their helical conformation being thermodynamically controlled. Moreover, due 
to the favorable interactions between the monomeric units in the helical 
conformation of these macromolecules they exist as long strands of one particular 
handedness, only rarely interrupted by a helix reversal along the chain. Therefore a 
strong preference for a particular handedness can readily be biased by a small 
chiral input. In the following part, this principle will first be treated in more detail 
for a prominent class of these helical polymers with a dynamically interconverting 
handedness, the polyisocyanates. Hereafter, the highly sensitive detection of chiral 
guests molecules enabled by poly(phenylacetylene)s will be highlighted. Excess of 
one particular handedness of these chromophoric helical polymers bearing certain 
receptor groups can be biased by the complexation of certain optically active small 
molecules, resulting in a strong and characteristic induced CD signal. 
5.4.1   Polyisocyanates 
Polyisocyanates are prominent examples of dynamic, chiral polymers.84 In Figure 
5.23a, the basic two-dimensional conformation of the polymer is drawn as an 
extended crankshaft. This flat conformation of the macromolecule is, however, 
highly instable due to the close proximity of the carbonyl oxygen atoms to the alkyl 
group on the neighbouring nitrogen atoms. To minimize these steric interactions, 
the repeating amide units are required to twist with respect to each other so as to 
form a helix (X-ray studies on poly(n-butyl isocyanate) revealed a periodicity of 
eight units for three turns85), as depicted in the space-filling model in Figure 5.23b.  
The combination of the conjugative requirements of the recurring amides and the 
steric forces strongly destabilize all non-helical conformations, leading to a stiff, 
rod-like polymer chain. Conformations needed for a helix inversion to occur along 
the chain are highly disfavored. Consequently, long blocks of left- and right-
handed helical segments exist on a long polymer chain, interrupted only 
occasionally by a helix reversal (Figure 5.23c). Due to the low barrier to helix 
inversion, the helical conformation is also highly dynamic and the conformations 
with opposite handedness rapidly interconvert at ambient temperature. 
In the absence of any chiral influence, these segments of opposite helicity exist in 
equal amounts, as a racemic mixture. However, since all monomeric units within 
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one segment are forced to take one helical sense, a small chiral perturbation 
leading to a favored helical sense is multiplied by all cooperating units in that 
segment. Therefore a small chiral induction can be amplified by giving rise to a 
disproportionately high preference for one helical sense, due to the large 
cooperativity between the non-chiral monomeric units and the infrequency of the 
high energy helix reversals.  
        
 
Figure 5.23 a) Two-dimensional representation of the cis-trans alternating structure of the 
polyisocyanate backbone, b) space-filling model of the left-handed 8/3 helix (side chains 
omitted for clarity), and c) schematic illustration of the dynamic, helical conformation of 
polyisocyanates. 
 
Figure 5.24 CD spectra of polymers obtained from enantiomerically pure 2,6-dimethyl-
heptyl-isocyanate and of random copolymers obtained from mixtures of the enantiomers. 
Reproduced with permission from reference [87]. Copyright 1995 American Chemical 
Society. 
Green and coworkers demonstrated this in a series of impressive examples, 
referring to this amplification of chirality as the ‘sergeant-and-soldiers’ principle86 
and ‘majority-rules’ effect, which were already explained in Section 5.2.2. As an 
a) b) 
c) 
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illustrative example of the latter, polymerisation of 2,6-dimethyl-heptyl-isocyanate 
with an ee of only 12% already yielded a polymer with a CD spectrum identical to 
the polymer synthesized from the enantiomerically pure monomer (Figure 5.24).87 
A 2% ee in the monomer units was enough to produce one-third of the CD signals. 
Even more striking is the large optical activity of poly(1-deuterio-n-hexyl 
isocyanate) (Figure 5.25).88 Here a large preference for one helical twist sense arises 
from a small chiral bias: a stereocenter generated by the substitution of a hydrogen 
atom for a deuterium atom on every monomeric unit. 
 
Figure 5.25 Optical activities of 1-deuterio-n-hexyl-isocyanate and the corresponding 
polymer. 
5.4.2   Poly(phenylacetylene)s 
Similar to polyisocyanates, poly(phenylacetylene)s also adopt a helical 
conformation with a dynamically interconverting handedness and remain optically 
inactive in the absence of any chiral input. After the introduction of pendant 
functional groups, a strong induced CD signal is observed upon addition of certain 
optically active small molecules which complex with these “sensor” groups on the 
macromolecules.89 For instance, the addition of optically active amines to 
poly(phenylacetylene) 33 decorated with carboxylic acids results in complexation 
through acid-base interactions (Figure 5.26).90  
  
Figure 5.26 Schematic illustration of the preferred helical handedness of 
poly(phenylacetylene) 33 equipped with carboxylic acid pendant groups, biased by its 
complexation to chiral amines. 
The chirality of the amines in transferred to the polymer backbone, resulting in an 
excess of one particular handedness that can be monitored by the appearance of a 
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strong and characteristic induced CD signal. As a general trend, the magnitude of 
the induced CD signal increases with an increase in the steric size of the chiral 
amines. This suggests that the steric bulk of the amines effectively stabilizes the 
helical conformation of one particular handedness with respect to the other and 
raises the energy barrier to inversion of the backbone’s helicity. 
A range of poly(phenylacetylene)s bearing specific functionalities, e.g. amino, 
boronate, phosphonate and sulfonate groups, were found to respond to the 
presence of chiral acids, sugars, amines and ammonium groups, respectively, 
allowing the sensing of biomolecules such as sugars and steroids.91 α-Amino acid 
sensing was demonstrated using poly(phenylacetylene) 34 equipped with crown-
ether pendant groups (Figure 5.27).92 The introduction of these bulky substituents 
increases the rigidity of the polymer backbone, which leads to a stabilization of the 
helical conformation reducing the amount of helix reversals along the chain. 
Together with the high binding affinity of the crown-ether moieties to amino acids, 
this results in an extremely high sensitivity. Also a strong majority-rule effect was 
demonstrated with 34, as the addition of alanine with only 5% ee resulted in the 
full induced CD signal as was observed with optically pure alanine. Moreover, 
detection of extremely tiny enantiomeric imbalances in amino acids, e.g. alanine of 
only 0.005% ee, was demonstrated with this macromolecule.92  
 
Figure 5.27 Schematic illustration of the induced preferred helical handedness of 
poly(phenylacetylene) 34 equipped with aza-18-crown-6-ether pendant groups upon 
complexation to L-alanine. Reproduced with permission from reference [92]. Copyright 2003 
American Chemical Society. 
Recently, helical macromolecule 34 with one particular handedness was used to 
trap achiral cyanine dyes within the hydrophobic helical cavity in the polymer in 
water. The resulting supramolecular helical aggregates exhibited an induced CD in 
the cyanine dye chromophore region.93 
A particularly interesting macromolecule was obtained upon the introduction of 
optically active, bulky, β-cyclodextrins as the pendant groups in 35 (Figure 5.28a).94 
Optically active 35 exhibits an inversion of its macromolecular helicity which is 
accompanied by a visible color change upon changes in temperature and solvent 
polarity. Inclusion complexation with particular guest molecules into the 
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cyclodextrin cavity causes these effects also. In the presence of (R)-1-
phenylethylamine, the solution remained yellow with a positive first Cotton effect, 
whereas the addition of (S)-1-phenylethylamine led to an inversion of this CD 
signal and a color change to red. The remarkable color change was suggested to be 
caused by a change in the twist angle of the conjugated double bonds in the 
polymer’s backbone, which would mean that the helical pitch of this system is 
tunable (Figure 5.28b). 
      
Figure 5.28 a) Poly(phenylacetylene) 35, bearing optically active β-cyclodextrin groups and 
b) a schematic illustration of the interconvertible left-handed and partly unwound right-
handed helical conformation this macromolecule can adopt. Adapted with permission from 
reference [94]. Copyright 2001 American Chemical Society. 
Due to the dynamic nature of the helical conformation adopted by these 
macromolecules, the preference for one particular handedness is eliminated when 
the complexation to the chiral guests is broken up. Exposure of carboxylic acid 
functionalized poly(phenylacetylene) 33, complexed to chiral amines, to a strong 
acid as trifluoroacetic acid therefore leads to an immediate disappearance of the 
induced CD signal. However, the biased twist sense of the helical conformation 
was found to be maintained when the chiral amine is completely removed but 
replaced by various achiral amines: the macromolecule “memorizes” the preferred 
helical handedness (Figure 5.29).95 This memorized macromolecular helicity was 
not transient, but shown to be stable for years at rt. The explanation for this 
memory effect was shown to be the stabilization of the helical conformation, 
caused by intramolecular electrostatic repulsion between the neighbouring 
carboxylate ions complexing with the amines that leads to a strong suppression of 
the helix inversion process of the polymer.96 
a) b) 
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Figure 5.29 Schematic illustration of the induction of a preference for one particular 
handedness of the helical conformation in poly(phenylacetylene) 33 by complexation with 
chiral (R)-1-(1-naphthyl)ethylamine, which is “memorized” by the macromolecule after 
replacement of the chiral amine by achiral 2-aminoethanol. Adapted with permission from 
reference [95]. Copyright 1999 Macmillan Publishers Ltd. 
For a poly(phenylacetylene) equipped with phenyl phosphonate pendant groups, 
both mirror-image helical conformations could be produced upon complexation 
with a single enantiomer of a chiral amine. The observation of both twist senses is 
due to the inversion of the macromolecular helicity with temperature. These right- 
and left-handed helices could be memorized by the addition of achiral amines, 
after which they could be stored at ambient temperature for prolonged periods of 
time.97 With a poly(phenylacetylene) bearing phosphonic acid pendant groups, the 
memory effect was also demonstrated upon methylation by the addition of 
diazomethane, yielding an optically active methyl ester due to the stereogenic 
center at the phosphorus.98 Here, the chirality is transferred from the 
macromolecular level back to the molecular level of the stereogenic centre. 
Although enantioselectivity is low, the ee at the pendant groups is amplified by the 
macromolecule at low temperatures. The memory of macromolecular helicity was 
also demonstrated with poly(phenylisocyanide)s bearing charged carboxylate 
pendant groups. Notably, after the complete removal of the optically active amine 
guests from this polymer there is no need to replace them by achiral ones, due to 
the fact that the helical conformation in this polyelectrolyte is less dynamic.99 
5.4.3   Photochromic Polyisocyanates 
In order to obtain photochemical control of the chirality of a dynamically helical 
polymer, azobenzene photochromic groups containing two stereocenters were 
introduced in the side-chains of co-polyisocyanate 36 (Figure 5.30a).100 The 
polymer was prepared with all of the azobenzene moieties adopting the trans 
configuration, and this polymer was shown to have a significant CD and ORD 
signal, indicating a preferred helical twist sense of the polymer. Irradiation with 
365 nm light resulted in a trans-to-cis isomerization of the azobenzene groups, and 
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resulted in a clear inversion of the CD and ORD signals (Figure 5.30b), indicating 
an inversion of the preferred helical twist sense of the polymer chain. The reason 
for this effect is not clear (the stereocenters do not change upon 
photoisomerization), the change in interactions of the stereocenters at the 
azobenzene units with the polymer backbone upon photoisomerization are 
proposed to cause the helical inversion.101 
            
Figure 5.30 a) Co-polyisocyanate 36 containing a photochromic azobenzene group in the 
side chains (x: 8%) and b) CD spectra of the polymer before and after the photochemically 
induced trans-to-cis isomerization of the azobenzenes. Reproduced with permission from 
reference [100]. Copyright 1995 American Chemical Society. 
Also co-polyisocyanate 37 bearing axially chiral bicyclic ketone units was prepared 
(Figure 5.31a).102 Irradiation of this system with circularly polarized light (CPL) 
leads to a small ee of the bicyclic ketone units (Figure 5.31b), which could be 
amplified by the helical polymer, yielding a distinct CD signal. 
                     
Figure 5.31 a) Co-polyisocyanate 37 containing bicyclic ketone groups in the side chains (x: 
2%), b) photoresolution of these axially chiral molecules by irradiation with CPL. 
a) b) 
a) b) 
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Similar photochromic behavior has been observed with a large number of 
polypeptides containing photochromic units in the side chains.103 Unlike 
polyisocyanates, these helical macromolecules have a stereocenter in their 
backbone and therefore have a preference for one particular handedness. 
Photoswitching of azobenzene or spiropyran derivatives, incorporated in the side 
chains, has been demonstrated, in a number of cases, to lead to a transition 
between a random coil conformation and a α-helix in the polypeptide chains.104 
With poly(L-aspartate)s, the energy difference between the two helical 
conformations of opposite handedness is relatively small, and a series of poly(L-
aspartate)s containing azobenzene units in the side-chains were investigated. 
Photoisomerization of the azobenzenes in these polypeptides in certain cases led to 
an inversion of the preferred twist sense of the polypeptide backbone, depending 
on the exact nature of the side chains and the conditions applied.105 
5.5   Liquid Crystals 
The liquid crystalline phase constitutes a unique state of matter, with physical 
properties intermediate between the solid (crystalline) and liquid (isotropic) phase. 
Compounds that adopt this mesophase display properties common to both solids 
and liquids.106 The molecules in a liquid crystal (LC), named mesogens, possess a 
slight positional or orientational order, but to a much lower degree of organization 
compared to a crystalline solid (Figure 5.32). Therefore, liquid crystals still display 
fluidic behavior like an ordinary liquid, however due to the much higher degree of 
organization they are much more viscous.  
 
Figure 5.32 Liquid crystal phase transition behavior. 
Owing to this combination of dynamic behavior with a high degree of 
organization, liquid crystals are highly sensitive to various external stimuli (for 
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instance light or heat)107 and additives.108 Due to their unique properties they have 
found widespread applications in display technology (LCDs).109 
One of the most fundamental classifications of different types of liquid crystals is 
the distinction between thermotropic and lyotropic systems. A large variety of 
molecules is known to adopt a liquid crystalline phase as an intermediate phase in 
the transition from a crystalline solid to an isotropic liquid, classified as 
thermotropic liquid crystalline behavior. A feature they all have in common is a 
strong shape anisotropy: especially elongated rod-like (calamitic) and disc-like 
(discotic) molecules are known to form a liquid crystalline phase. Besides these 
solvent-free thermotropic LC systems, there are many solvent-solute systems, 
where aggregation of the solutes at sufficiently high concentration leads to liquid 
crystallinity (lyotropic behavior). Rigid rod-like polymers are well-known to form 
such lyotropic LC phases.110 
5.5.1   The Cholesteric LC Phase 
Whereas only orientational order of the individual mesogens in a constant 
direction is present in a nematic LC matrix, the cholesteric (or chiral nematic) LC 
phase is characterized by an additional helical change in orientation of the director 
(Figure 5.33). The orientation of the director describes a helical propagation along 
the cholesteric helix axis that is non-superimposable on its mirror image. The 
resulting large supramolecular chiral organization is indicated by the sign and 
magnitude of the cholesteric pitch (p), which is the distance along the helix axis 
across which the director rotates a full 360°. 
 
Figure 5.33 Schematic representation of the molecular arrangement of the mesogens in a) a 
nematic (N) and b) a chiral nematic or cholesteric (N*) liquid crystalline phase and the 
definition of the cholesteric pitch. 
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A cholesteric LC is obtained when the mesogenic molecule contains a stereogenic 
centre in its molecular structure, e.g. cholesteryl benzoate. With low molecular 
weight thermotropic LCs, a transition to the cholesteric phase transition can also be 
induced by dissolving certain chiral dopant molecules in an achiral nematic host.111 
The sign and magnitude of this induced cholesteric phase is highly dependant on 
the interactions of the chiral dopant with the nematic host material, which is 
reflected in a number that is specific for each dopant-LC combination, called the 
helical twisting power. As a result of their large supramolecular organization, 
cholesteric liquid crystals display very large optical and circular dichroism (CD) 
activities, orders of magnitude higher than that of the dopant, thereby amplifying 
the dopant’s chirality. A complete overview of chiral dopants and their interactions 
with the LC can be found in a recent review.112 In the following section, several 
photoswitchable dopants, by which the supramolecular helicity of the LC can be 
influenced externally, will be discussed. Also a recently developed LC based color 
test, by which the ee of a reaction product can be determined, will be highlighted. 
5.5.2   Controlling the Cholesteric Pitch using Photoswitchable Dopants 
The incorporation of switchable dopants, which can change shape under the 
influence of an external stimulus (for instance light or heat) and consequently alter 
their chiral induction towards the LC medium, offers the possibility to control the 
supramolecular chirality of the cholesteric LC phase using an external stimulus.113  
 
Figure 5.34 Trans-to-cis isomerization of an azobenzene dopant leading to a destabilization 
of the supramolecular organization in a calamitic LC. 
The reversible cis-trans isomerization that azobenzenes can undergo upon 
irradiation with UV/vis light, results in large conformational and polarization 
changes in the molecule. The trans-isomer has a rod-like structure and as such can 
stabilize calamitic liquid crystals, whereas the cis-isomer is bent and generally 
destabilizes the supramolecular organization in these LCs by generating disorder 
in the aligned systems (Figure 5.34). Using this principle, phase transitions of LCs 
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doped with azobenzenes from nematic to isotropic states can be induced 
photochemically.113b,114 In cholesteric LCs, the photoisomerization can lead to pitch 
changes;115 the first dopant ever to effect a change in cholesteric pitch upon 
irradiation was an achiral dopant containing an azobenzene core.116 
By structurally redesigning these switchable dopant molecules, their interactions 
with the LC host material and hence their helical twisting power has been 
improved.117 Furthermore, a range of photochromic switches, for instance based on 
dithienylethenes118 or fulgides,119 have been used as switchable dopants in LCs, 
generating changes in the cholesteric pitch of varying magnitude. However, with 
almost none of these systems does photoswitching lead to an inversion of the 
helical twisting power, which would result in a change in sign of the cholesteric 
helicity. 
 
Scheme 5.1 CPL-induced deracemization of chiroptical switch 38, generating a cholesteric 
LC phase (LPL or UPL: linearly or unpolarized light). 
Due to the inversion of the molecular helical shape involved with the isomerization 
steps of the chiroptical molecular switches120 and light-driven molecular motors 
based on sterically overcrowded alkenes121 developed in our laboratories, these 
molecules proved to be excellent photoswitchable dopants. This concept was first 
proven by irradiation with CPL of a nematic LC host doped with a racemic 
mixture of chiroptical switch 38 (Scheme 5.1). Irradiation of this racemic switch 
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with l-CPL gave M-38 with only 0.07% ee, a chiral bias which is large enough 
however to generate a cholesteric phase when this irradiation is carried out in a 
nematic LC host (20 wt% 38 in K15).122 Irradiation with linearly polarized light led 
to the disappearance of the cholesteric phase, and irradiation with r-CPL resulted 
in a cholesteric phase of the opposite handedness. Subsequently, this concept was 
also demonstrated with the use of a dopant in which an axially chiral bicyclic 
ketone unit, photoresolvable with CPL, was linked to a mesogenic moiety.123 
 
Figure 5.35 Schematic representation of unidirectional rotation of guest motor molecule 39, 
the induced elongation of the helical pitch of the host LC, and the change in the wavelength 
of the reflected light. Reproduced with permission from reference [124]. Copyright 2002 
National Academy of Sciences, U.S.A. 
Cholesteric LCs reflect colored light when the length of their helical pitch is of the 
same order of magnitude as the wavelength of visible light. The color is not the 
result of absorption, as is the case with conventional dyes, but of selective 
reflection of the wavelengths that match with the helical pitch. The use of light-
driven molecular motor 39 as the chiral guest led to a light-addressable dopant-LC 
mixture with a cholesteric pitch short enough to reflect visible light. The thermal 
and photochemical isomerizations of this motor led to irreversible color changes of 
the LC film (Figure 5.35).124  This system possesses the basic requirements to be 
used in a full color addressable pixel, potentially useful in future generation liquid 
crystal displays.125 As described in Chapter 1, irradiation of a molecular motor 
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doped cholesteric LC was recently even found to lead to a rotational 
reorganization of the LC film, as a result of the photo-induced change of the 
cholesteric pitch.126 The rotational reorganization and concomitant change in 
helicity were applied to rotate microscopic objects, many orders of magnitude 
larger than the dopant motor molecules, deposited on top of the LC film. 
5.5.3   LC-Based Color Tests for Enantiomeric Excess 
This selective reflection of light, of which the wavelength is proportional to the 
cholesteric pitch length, was used to develop a color indicator for ee. In the initial 
approach, the chiral molecules to be analyzed first are derivatized with achiral 
mesogenic units, after which they are added to a nematic LC as a chiral dopant.127 
Due to the high helical twisting powers of these dopants, colored LC films are 
generated. As the color of these films is dependent on the ee of the dopants, this 
method allows the evaluation of the ee of simple chiral compounds by inspection of 
the color. In an extension of this work, mesogenically functionalized chalcone 
derivative 40 was designed, set-up for a copper-catalyzed asymmetric conjugate 
addition of diethyl zinc to form 41 (Figure 5.36a).128 Due to the high helical twisting 
power of 41, its addition to a nematic LC as chiral dopant generated colored LC 
films of which the color depends on the ee of the reaction product (Figure 5.36b).  
 
 
Figure 5.36 a) Conjugate addition to mesogenically functionalised chalcone 40, and b) the 
wavelength of the reflection of a nematic LC host (E7) doped with 41 (21 wt%) with different 
ee values. A low ee of 41 causes a red coloring of the LC film, whereas a high ee leads to a 
blue color. Reproduced with permission from reference [128]. Copyright 2004 Wiley-VCH 
Verlag GmbH & Co. KGaA. 
a) 
b) 
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After quenching of the reaction only a quick filtration is needed before mixing with 
the nematic LC host, therefore this color test provides a fast and reliable screening 
method for enantioselective catalysts and appropriate reaction conditions. 
5.5.4   Other Manifestations of Helicity in Liquid Crystals 
Besides this chiral variant of a nematic phase, also helically organized smectic LC 
phases are known, in which the calamitic molecules are arranged in layers and 
exhibit short-range orientational and translational order.106 For instance, in the 
SmC phase, the director is uniformly tilted at a certain angle with respect to the 
layer normal. In the chiral SmC* phase, this director precesses about the normal in 
a helical fashion with a certain pitch, much like what was described for the 
cholesteric phase. Also the formation of chiral smectic phases is induced by the 
addition of certain chiral dopant molecules.129 What makes these SmC* phases 
particularly interesting is the electric polarization oriented along the C2 symmetry 
axis of each smectic layer. The SmC* in its helical form is, however, not polar, as 
the polarization vectors add up to zero over one helical pitch. Between rubbed 
polyimide-coated glass slides, spaced at a distance in the order of the helical pitch, 
the helical phase unwinds, giving a net polarization perpendicular to the plane of 
the slides.130 These so-called surface-stabilized ferroelectric LCs are currently 
applied in displays technology.131 
Although they have been almost only of academic interest thus far, the particularly 
complicated LC structures called blue phases have attracted much attention 
lately.132 Within these mesophases, helical LC structures (cholesteric or chiral 
smectic) have self-organized into a three-dimensional LC structure. These phases 
are generally only stable in a very small temperature range (~ 1 K) between chiral 
thermotropic and isotropic phases. A number of years ago, compounds were 
discovered that exhibit blue phases stable in a much wider temperature interval 
(40-50°C), making them both easier to study and more suitable towards 
application.133 A detailed analysis of this particular field of LC research is, 
however, outside the scope of this review. 
5.5.5   Polymeric Cholesteric LCs 
When mixed at sufficiently high concentration with certain solvents, aggregation 
of rigid, rod-like polymers leads to the formation of a lyotropic LC phase.110 A 
prominent class of these LC forming polymers are the polyisocyanates already 
discussed in Section 5.4.1.84 Similar to thermotropic LCs based on low-molecular-
weight molecules, where the addition of chiral dopant molecules leads to a 
nematic-to-cholesteric phase transition, the lyotropic nematic LC of poly(n-hexyl 
isocyanate) (PHIC) was converted to the cholesteric state by the addition of a 
variety of chiral small molecules and optically active polyisocyanates as dopants.134 
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Interestingly, the biased preference for one particular handedness was 
demonstrated to be further amplified in the cholesteric LC phase over that in dilute 
solution.  
                         
Figure 5.37 a) Poly(phenylacetylene) 42, bearing ammonium pendant groups that complex 
to optically active chiral acids as (S)-43, and b) a schematic illustration of the induction of 
one-handed macromolecular helicity in dilute solution and the additional chiral 
amplification in the LC phase. Adapted with permission from reference [135]. Copyright 
2004 American Chemical Society. 
Poly(phenylacetylene) 42 (Figure 5.37a), equipped with ammonium side-groups, 
forms a lyotropic, nematic LC phase in water at sufficient concentrations (>8 
wt%).135 Its complexation to a small amount of chiral acid (S)-43 biased a 
preference for a particular handedness of the macromolecular helicity, similar to 
the systems discussed in Section 4.2. This excess of one helical twist sense of the 
polymer was demonstrated to be further amplified in the LC phase (Figure 5.37b). 
Whereas the induced CD signal reached a maximum value upon the addition of  
approximately 0.2 equivalents of (S)-43 in dilute solution, already ~0.05 
equivalents of the chiral acid were sufficient to obtain the full induced CD in the 
LC phase. Also a much stronger majority-rules effect was found in the LC phase 
than in dilute solution: with increasing ee of 43, the induced CD of 42 reached a 
constant value at 10% ee in the LC matrix, whereas in dilute solution 60% ee is 
needed to obtain the full induced CD. The additional amplification of chirality in 
the LC phase is probably caused by interchain interactions between neighboring 
polymers in the LC phase. The effect is also suggested to be driven by the 
reduction in population of the helical reversals along the polymer chain, which 
disturb the local organization in the LC. 
a) b) 
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A large variety of polymeric LCs formed by polymers bearing photoswitchable 
units in the side-chains has been developed.136 Similar to the azobenzene-doped 
thermotropic LCs described in Section 5.5.2, the photo-induced trans-to-cis 
isomerization of photochromic azobenzene groups introduced in the side-chains of 
these polymers generally causes a disruption of the nematic LC phase, leading to a 
large change in birefringence.114,137 Whereas irradiation with linearly polarized 
light of these polymers has been shown to lead to an orientation of the 
azobenzenes perpendicular to the polarization direction of the light,138 CPL 
irradiation of these polymers has been shown to lead to a long-range helical 
arrangement of the azobenzenes.139 In polymeric LC’s this effect can be further 
amplified by a clear chiral organization of the LC, leading to a large induced CD 
signal.140  
 
Figure 5.38 Copolymer 44 containing both LC promoting p-cyano-phenyl benzoate and 
photoisomerizable arylidene-p-methane-3-one units. 
Copolymers with pendants LC promoting groups and photoswitchable units, 
mainly menthone- or binaphthyl-based switches, have been developed.136 A good 
example is copolyacrylate 44 (Figure 5.38).136a UV irradiation of the cholesteric 
polymeric LC formed by 44 led to a shift of the reflection band toward longer 
wavelengths, indicating an elongation of the cholesteric pitch. 
Full control by temperature of the helical twist sense of a polymer, and of the 
cholesteric state of a lyotropic LC formed by it, has also been demonstrated. One 
system employed a polyisocyanate bearing structurally different chiral side-chains, 
which compete with each other favoring a left- and right-handed helical sense of 
the polymer’s backbone.141 Since the competing chiral biases depend on 
temperature in different ways, the polymer was shown to switch its helical 
conformation between left- and right-handed as a function of temperature (Figure 
39).142 Using these thermally controllable helical-switching polyisocyanates, also 
the helical pitch and twist sense of a cholesteric lyotropic liquid crystal formed by 
these polymers could be controlled thermally.141b 
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Figure 39 a) Isocyanate monomers 45-47, used to prepare several temperature-controllable 
helical switchable polymers, and b) optical activity [α] (at 589 nm, in dilute alkane solution) 
of various (R)-46:(S)-45 copolymers as a function of temperature. Reproduced with 
permission from reference [141a]. Copyright 2000 Wiley-VCH Verlag GmbH & Co. KGaA. 
A polysilylene bearing optically active (S)-3,7-dimethyl-n-octyl side-chains was 
also found to undergo a thermally driven inversion of its main-chain helicity at a 
set temperature.142c With these polymers, tuning of the transition temperature was 
possible by the introduction of different side-chains in copolysilanes and adjusting 
the molecular weight.143 The chiroptical properties of solid films cast from these 
polysilylenes could also be controlled.144 Furthermore, these thermo-switchable 
a) 
b) 
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polymers were used to form a command-layer on a surface, by which the 
chiroptical information was transferred in a binary polysilylene film.145 
5.6   Conclusions and Contents of the Following Chapters 
The transmission of chirality from the molecular to the macromolecular or 
supramolecular level, a process which is manifested in Nature to a vast extent, has 
been achieved in a large number of artificial helical assemblies constructed lately, 
utilizing various covalent or non-covalent bonding interactions. Of particular 
interest are the systems whose helicity is dynamic in nature, as their helical 
handedness can be biased and controlled by external stimuli, for instance light or 
the presence of chiral guest molecules. The strong cooperative interaction between 
the monomeric units in these helical assemblies, which forces them to take one 
particular handedness biased by a small molecular chiral input, often results in a 
chiral amplification over the chirality of the individual molecules. Based on these 
concepts, functionalized polymers and LC materials have been developed that act 
as highly sensitive chirality detectors and efficient ee indicators.  
Control of the handedness of helical assemblies by an external input, e.g. light, has 
been obtained in a number of systems in which photochromic molecular switches 
were used. Most success in this regard has been achieved in the field of low-
molecular-weight thermotropic LCs, via the photochemically induced switching of 
chiral dopant molecules. This host material is particularly sensitive to small 
molecular perturbations, facilitating its manipulation via an external signal. In the 
case of polymers and polymeric LCs, full control of the helical handedness or 
cholesteric pitch using photochromic molecular switches appeared to be less facile. 
The inversion of a slightly preferred helical twist sense of a helical polymer in a 
fully reversible way, as well as small alterations of the cholesteric pitch of 
polymeric LCs, have been demonstrated only after the decoration of the polymers 
with a large number of photoswitchable units. In the following two chapters, 
systems are described that allow fully reversible control of the preferred twist 
sense of a helical polymer, and of the pitch and handedness of the supramolecular 
helicity of a cholesteric LC composed of these polymers, using a single 
photochromic switch unit attached at the polymer’s terminus.  
In Chapter 6, a benzamide functionality is appended onto the lower-half of a 
fluorenyl-based second-generation light-driven molecular motor, after which the 
sodium salt of this molecule was used as the initiator of the polymerization of n-
hexyl isocyanate. The resulting helical polymer is functionalized at its α-chain-end 
with a single photochromic switch unit: a light-driven molecular motor operating 
as a chiroptical switch. Chiral information of the motor molecule was successfully 
transmitted to the macromolecular level of the helical polymer, and owing to the 
  
 
208 
 
 
 
 
  Chapter5.doc 
Chapter 5 
 
changing chiral environment experienced by the polymer chain during the 
subsequent stages of rotation of the upper-half of the motor with respect its lower-
half, a three-state switching cycle with racemic, excess P and excess M helicity of 
the polymer’s backbone was accomplished.  
In Chapter 7, the design of the photochromic unit attached at the α-chain-end of 
the polyisocyanate first is changed from a light-driven molecular motor to a bi-
stable chiroptical molecular switch, by which the preferred helical twist sense of 
the polymer’s backbone becomes fully photo-addressable. With this re-designed 
system, the hierarchical transmission of chiral information from the molecular level 
of the chiroptical molecular switch, via the macromolecular level of the helical 
polymer, to the supramolecular level of a cholesteric LC phase is described. Via the 
reversible switching between an excess P and excess M helicity of the polymer’s 
backbone, the magnitude and sign of the supramolecular helical pitch of a 
lyotropic cholesteric liquid crystalline phase formed by these polymers is fully 
controlled by irradiation with different wavelengths of light. 
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